Introduction
Frequency modulated continuous wave synthetic aperture radar (FMCW SAR) has become popular in the radar field due to its low cost, light weight, small size and high-resolution imagery [1] [2] [3] [4] [5] [6] [7] . This type of the SAR provides the observation flexibility required in the cost effective application. The College of Electronic Science and Engineering (CESE) of the National University of Defense Technology (NUDT) built an FMCW SAR in 2014 [8] . The realized FMCW SAR works at Ku-band with the weight of 2.4 kg, the size of 140 × 140 × 100 mm 3 and the power consumption of 45 W, while it has the ability of real-time imaging [9] . Compared with the existed FMCW SARs [5] [6] [7] , this system puts more constraints on the compactness. Such a miniaturized system may result in a significant increase of the noise level due to the potential interferences and the lack of the precise motion sensors. Therefore, the aim of this study is to suppress the strong noise of the miniature FMCW SAR.
Based on the characteristic of the noise for the SAR, the additive and multiplicative noises are identified. The receiver thermal noise is one of the principal contributors to the additive noise and is introduced in [10] . The noise of the analog-to-digital converter (ADC) is a potential principal contributor to the additive noise, because the narrowband interferences (NBI) may be introduced into the ADC. Many methods have been proposed to eliminate the interferences from the interference-corrupted signal. The rejection methods can be classified as those based upon adaptive filtering and those based upon transform domain processing structures. The adaptive filters, such as least mean square estimation (LMS) adaptive filters [11] [12] [13] and lattice adaptive filters [14] , usually adopt iterative algorithms to reduce convergence time. The iterative algorithm relates to many operations, such as multiplications and trigonometry operations. However, these operations are not very suitable to be performed in some devices like the field programmable gate array (FPGA) [15] . The other type of rejection method is to process the received signal by surface acoustic wave (SAW) [16] technology or Fast Fourier Transform (FFT) and then estimate the interference from sharply peaked spectrum. The processing of this method is easily associated with the subsequent imaging of FMCW SAR. However, it is difficult to obtain the interference when the signal at the frequency of interference can be comparable to the interference. Xu et al. proposed the wavelet-based removal of sinusoidal interference from a signal [17] without notable attenuation to the signal at interference frequencies. However, the significant distortion to signal will be caused when the SNR is low and when there is a sharp transition for this method, for example, when the FMCW SAR passes through riverside. With the multiplicative noise, its principal contributors are the integrated sidelobes noise, the ambiguity noise, and the quantization noise. Zhao et al. [18] proposed a compensation method for the phase errors of an FMCW SAR. However, the method is of limited effect on the high frequency phase errors which are one of the principal contributors to the sidelobes noise. The ambiguity noises has the marginal influence on the imagery of the airborne FMCW SAR system because of its short slant range and high pulse repetition frequency (PRF) [19] [20] [21] [22] . Therefore, the ambiguity noise is not considered in this study. Similarly, the quantization noise is sufficiently small [10] and is not considered as well.
In this study, a Ku-band FMCW SAR developed by NUDT is taken as an example to analyze the noise level of the system. First, a quantitative analysis of the noise components is performed. Then, a FFT based method is proposed to eliminate the strong noise adopting an ADC and a FPGA. Finally, using the real FMCW SAR data, the levels of the noise components are measured, and the effectiveness of the proposed noise suppression method is validated.
The remainder of the study is organized as follows. In Sec. 2, a brief introduction of an FMCW SAR system and its geometry model is presented. In Sec. 3, the quantitative analysis of the noise components is performed. In Sec. 4, the method of strong noise suppression is proposed using an ADC and a FPGA. In Sec. 5, the noises levels are measured, and the effectiveness of noise suppression are validated using the real FMCW SAR data. Finally, conclusions are drawn in Sec. 6.
System Introduction and its Geometry Model
The diagram of FMCW SAR system is illustrated in Fig. 1 , where FMCW signal is generated and amplified, then fed to transmitting antenna. The backscattered echo is received by the receiving antenna, magnified by the amplifier, and mixed with the transmitting signal coupled from the transmitter. Then the backscattered echo turns to be a narrow bandwidth signal which is corresponding to the observed swath in range using the dechirp method. After sampled by an ADC, the dechirped signal is processed to generate the final imaging data in real time in the digital processing module.
The geometry model depicted in Fig. 2 is used to show the model of FMCW SAR. The airplane moves along X axis with a velocity of v, and t m stands for the time variable in azimuth. H denotes the height of the platform. T 0 stands for a point scatter with a three-dimensional coordinate of (x o , z o , 0). R and R' are the closest slant range and instantaneous slant range from the radar to the point T 0 . α is the pitching angle, and
A part of parameters of an FMCW SAR system are listed in Tab. 1.
Noise Analysis
The total noise of an FMCW SAR system includes additive noise and multiplicative noise. It is expressed by
where σ n is the effective backscatter coefficient of the additive noise; σ̅ 0 is the average backscatter coefficient of the scene; MNR is the multiplicative noise ratio which is the constant of proportionality between the multiplicative noise and the average signal level [23] .
Additive Noise
In an FMCW SAR, the main contributors to the additive noise are the receiver thermal noise and the ADC spurious noise. Thise additive noise is characterized by σ n , which is the equivalent terrain radar backscatter coefficient that would produce a signal equal to the noise.
Receiver Thermal Noise
The signal-to-noise ratio (SNR) of the imagery [10] 
where P t is the transmitted power; G t and G r are the transmit and receive antenna gains, respectively; L is the loss factor; λ is the center transmitted wavelength; R is the slant range of the scatterer; K r is the mainlobe broadening factor in range; ρ r is the range resolution; σ 0 is the backscatter coefficient of the scatterer; N 0 is the power spectral density (PSD) of the receiver thermal noise, which is
where k is the Boltzmann's constant which equals 1.38  10 -23 J/K; T 0 is the standard temperature, F n is the receiver noise figure which equals 3 dB. Assuming that T 0 is 290 K, these parameters are submitted into (3) . N 0 equals 8.00  10 -21 W/Hz.
Based on the definition of σ n , the effective backscatter coefficient of the receiver thermal noise, which is denoted by σ receiver , is equal to σ 0 when SNR clutter is 1. So σ receiver is
where 3 r
. Providing that κ is equal to 2.10  10 7 , the value of σ receiver is 
ADC Spurious Noise
There are two types of spurious noise: two single-frequency strong signals with the frequencies that drift slowly over time, and a weak signal that is uniformly distributed in the frequency band of the dechirped signal. The influence of the spurious noises on the resulting imagery is now analyzed in detail.
First, the ADC spurious noises are measured. To eliminate the influence of the receiver thermal noise on the test results, the ADC input is from an external source (model number AWG70000), and other operations are the same as those in working order of the FMCW SAR. The full scale of the ADC is 1 V which is normalized to 0 dB in Fig. 3 . Figure 3 (a) denotes the spectrum of the ADC output signal when there is no signal in the input of the ADC. It is shown that there are two strong signals. The strongest one has the frequency of 48.70 MHz. The frequency of this signal drifts slowly with time and ranges from 40 to 50 MHz, which is not in the frequency band of the dechirped signal. Therefore, this strong signal will be eliminated by the filter in the image processing. With respect to the second strongest signal, it has the amplitude of -58 dB and the frequency of 8.59 MHz which is in the frequency band of the dechirped signal. It is called the ADC strong spurious noise. Because this noise may be in the frequency band of the dechirped signal, it is primarily considered in this study. that the frequency drifts slowly over time. Figure 3(d) describes the amplitude of the ADC strong spurious noise versus the amplitude of the single-frequency input signal. It is shown that the change of the amplitude is sufficiently small. Therefore, the ADC strong spurious noise is independent of the input signal and can be regarded as the additive noise.
Based on the forenamed analysis, the ADC strong spurious noise can be modeled as
where C sp is the amplitude which approximately equals (10 -58/20  ½) V, and  0 is the initial phase; f(t) is the frequency, which will vary in the image processing. Because the frequency variation is not the focus in this study, it is not analyzed in depth.
The ADC strong spurious noise is an additive noise. So equation (4) can be also used to calculate the effective backscatter coefficient of the ADC strong spurious noise. That is, the PSD of the receiver thermal noise will be changed to that of the ADC spurious noise when calculating its effective backscatter coefficient in (4).
Because the ADC strong spurious noise is a singlefrequency signal, its power is primarily distributed in the frequency bandwidth of one range resolution cell. The power of the strong spurious noise is 2 sp 9 sp 3.96 10 W 2 50
The frequency of the dechirped signal is [10] 2 / f R c
where  is the chirp rate of the transmitted signal. Therefore, the frequency bandwidth of the dechirped signal in a range resolution cell is re r 2 / B c
where ρ r is the range resolution.
Moreover, N 0 is the PSD prior to the low noise amplification. The factor of low noise amplification must be considered when calculating the PSD of the ADC strong spurious noise. Therefore, the average PSD of the ADC strong spurious noise distributed in B re is sp sp sp re r
where Receiver_gain is the low noise amplification. 
For the second type of the spurious noise, its power, denoted by P sp_r , can be calculated from the spectrum shown in Fig. 3 (a) 
Because σ receiver /σ sp_r = 17.89 dB, the uniformly distributed additive noise thus primarily originates from the receiver thermal noise.
Multiplicative Noise
The principal contributors to the multiplicative noise are the integrated sidelobes noise, the ambiguity noise, and the quantization noise [10] . So the expression of MNR is
where ISLR is the ratio of all energy in the sidelobes of system impulse response to the energy in the mainlobe, QNR represents the constant of proportionality between the quantization noise level and the average signal level, and AMBR is the ratio of the ambiguity noise level to the average signal level [10] .
The quantization noise is distributed in the entire scene, and its principal contributor to QNR in an FMCW SAR is the error of the floating-point calculation. The QNR is approximately -60 dB [10] . With the ambiguity noises, it has the marginal influence on the imagery of the airborne FMCW SAR system [8] . Therefore, the ambiguity noises are not considered in this study.
The integrated sidelobes noise has a masking effect where the signal sidelobes of the echoes from bright scatterers may mask the main response from a weak target [10] . The ISLR includes the range and azimuth ISLR, which are denoted by ISLR r and ISLR a , respectively. They primarily originate from the aperture effect, the high frequency phase errors, and the wideband amplitude errors [10] .
The finite data processing aperture is one of the principal contributors to the sidelobe levels. A Fourier transform of the uniformly weighted aperture is sin(f)/(f) or the sinc function with an ISLR of -9.7 dB [10] . An FMCW SAR uses the common Hamming window of which ISLR r and ISLR a are both -35.20 dB.
The high frequency phase errors, which results in the increase of ISLR r , are primarily derived from the high frequency phase error of the generated wideband signal in an FMCW SAR. In Fig. 4(a) , the waveform of the generated signal is recorded by a single-shot acquisition of a 50 GSPS real-time oscilloscope (model number DPO71254). The pulse compression result of the recorded waveform is shown in Fig. 4(b) . The ratio of the energy in the sidelobes to the energy in the mainlobe is approximately equal to -17.30 dB.
The high-frequency phase errors that result in the increase of ISLR a are primarily derived from the motion measurement errors of higher order, that is, those varying or changing direction many times over the azimuth aperture [10] . Because the FMCW SAR in this study is a costeffective miniaturized system, the precision of the motion sensors is not sufficiently high to keep motion errors low. To reduce these motion errors, a higher order autofocus technique, i.e., the phase gradient algorithm (PGA) [23] , is used in the image processing. Because the motion compensation algorithm is not the focus of this study, its in-depth analysis is not presented in this study.
The principal contributors to the wideband amplitude errors are the radar system's hardware components. The ISLR that is derived from this form of error is significantly lower than that from the phase errors in an FMCW SAR.
Noise Suppression
Based on the quantitative analysis of the noise in Sec. 3, and assuming that the platform height is 500 m, the effective backscatter coefficients of the receiver thermal noise and the ADC strong spurious noise are calculated using (5) and (12) ) = -17.23 dB, as shown in the last item of Tab. 2. The value of ISLR r does not reach the level which will produce serious deterioration in the image quality. Considering ISLR a , difficulty in sensing the highfrequency phase errors requires a better motion compensation algorithm. According to the quantitative analysis of the noise, it is found that all the noise components except the ADC strong spurious noise are sufficiently small to have marginal or limited influence on the image quality. Therefore, the suppression of the ADC strong spurious noise is investigated in this study.
Strong Spurious Noise Suppression
The suppression of the ADC strong spurious noise is performed based on a monolithic, dual-channel ADC AD9648 and a FPGA XC6VLX75T in this study. The two channels of ADC, which are denoted by channel A and B, are configured as the same operation mode. Their front-end devices, including the operational amplifiers, resistors, and capacitors, have the same models and parameter values. Moreover, their printed circuit board (PCB) layouts are similar as well. When an FMCW SAR works, the two channels simultaneously receive and sample the dechirped signal. Based on (6), the strong spurious noises of channel A and B are expressed by
where T s is the sampling period, and f A (nT s ) and f B (nT s ) are the strong spurious noise's frequency of channel A and B, respectively.  A and  B are their initial phases. For simplicity, we drop T s in the following sections. The characteristic of f A (n) and f B (n) is as described in Sec. 3.1.2, whereas, their values are different.
The signal is sampled by two channels of ADC at the positive and negative edges of the clock, respectively. The outputs of channel A and B are expressed by
where s(n) is the sampled data of the ideal signal. n A_r (n) is the noise of channel A except n A (n), and n B_r (n) is the noise of channel B except n B (n).
Because the sampling frequency is 100 MHz, the sampling time interval between the two channels is only 5 ns. Therefore, the sampled dechirped signals of the two channels are similar. Based on this consideration, the method for the elimination of the strong spurious noise is proposed. The block diagram of the noise suppression is shown in Fig. 5 . The FPGA is the kernel for implementing strong spurious noise suppression.
The noise suppression is divided into four series modules, as shown in Fig. 5 . In the module 1, the FFT of the two channels' output signals is firstly performed. Two RAMs before the FFT operation are used because of the difference between the sampling frequency and the clock frequency of the FFT operation. Then the spectrum of channel A's output subtracts that of channel B's output yielding 
where
, and S(k) are the spectrums of s A (n), s B (n), n A (n), n B (n), n A_r (n), n B_r (n), and s(k), respectively. k = 1,2,…, N, and N is the data size of FFT operation.
Then, the frequency of channel A's strong spurious noise is extracted in the module 2. The detailed flow is shown in Fig. 6 . The amplitude of N s (k) i.e., N s (k) is calculated using the CORDIC IP core [25] . In N s (k), the frequencies at which the amplitudes of N A (k) and N B (k) equal their maximum value are f A and f B , respectively. Because the amplitudes of N A (k) and N B (k) at f A and f B are much larger than those of other noise components at the two frequencies. Therefore, N s (k) has two sharply peaked spectrums at f A and f B . Moreover, it is known from Section 3.1.2 that the amplitude of ADC spurious noise is time invariant. f A and f B are the frequencies, where the value of N s (k) equals the threshold value corresponding to the -58 dB spurious noise. So f A and f B can be easily extracted by comparing the value of N s (k) with the threshold value.
After obtaining f A and f B , the signal processor does not know which frequency belongs to channel A at the moment. A frequency judgment is made based on the regularity that the frequency of the ADC strong spurious noise drifts slowly and continuously. Therefore, a frequency being approximate to f A in the last measurement belongs to channel A. To obtain the initial value of f A , denoted by f A0 , the input of module 2 is changed to the FFT result of the channel A's noise, i.e., no signal in the input of channel A, and output is the desired frequency, as shown in Fig. 6 . This is done before the FMCW SAR starts to receive signal.
In module 3, N s (k) is band-pass filtered using a rectangle window to obtain the approximation of N A (k), denoted by N̂A(k). That is,
A RAM, denoted RAM3, is to buffer N s (k) during the operation of module 2.
Then in module 4, N̂A(k) is subtracted from S A (k) which yields the desired signal
The IFFT of Ŝ A0 (k) is performed to obtain the dechirped signal without the strong spurious noise. Because N A_r (k) and N B_r (k) are all uniformly distributed noises, and have the same levels, the result is expressed by
A RAM, denoted RAM4, is to buffer S A (k) during the operation of module 2 and module 3. It can be seen from (22) that the strong spurious noise of channel A i.e., n A (n), is eliminated. At last, s Ao (n) is transferred to the DSP for real-time imaging.
For the noise suppression of the FMCW SAR, the most concern is about the suppression level at the frequency of the strong spurious noise. It can be obtained from (21) that the suppression level at f A is N B (k) /N A (k), where k = Nf A /f s . At f A , N B (k) is sufficiently small in comparison with N A (k). Therefore, the noise suppression level of this method should be very high.
Then the speed, resource occupancy and precision of the noise suppression are analyzed. All the operations of noise suppression shown in Fig. 5 are performed in the pipelining way. The most time-consuming is the FFT operation with N of 4 K. The measured time consumption of the FFT operation for 4 K data is 33.23 s with the clock frequency of 250 MHz, which is shorter than the time for 4 K data generation, i.e., 4K/(100M) = 40 s. Therefore, the spurious noise suppression can be performed in real time.
The resource occupancy for implementing noise suppression is listed in Tab. 3. As the block RAMs and DSP48E1 slices are the most important resources, they are mainly considered. It is evident that the FPGA is fully competent for the noise suppression from perspective of resource occupancy. Considering the precision of result, the data widths of fixed point calculations are all 14 bits. The increased power consumption for the noise of each calculation is  4 = 2.48  10 -11 W, which is two order of magnitude lower than the power of ADC strong spurious noise shown in Sec. 3.1.2. Therefore, the precision is high enough.
Effectiveness Validation
To evaluate the effectiveness of the proposed noise suppression method, a simple experiment is performed before the method is used in the image processing. The experiment is now described in detail.
The ADC input is from an external source (model number AWG70000) and the other operations are the same as those in the working order of the radar system. It is noted that the proposed noise suppression method in Section 4.1 is used in the experiment. The input signal is Fig. 7(c) . It is found that there are two strong signals with the same frequency and amplitude as the ADC strong spurious noises in Fig. 7(a) and (b) . In addition to the two strong signals, there is a strong signal with a frequency of 12.5 MHz due to the accuracy errors of the resistors that control the amplification of the input signals of channel A and B. Figure 7( Figure 8 (a) denotes the printed circuit board (PCB) of the signal processor [24] . The noise suppression is performed in the red marked devices and area. An airborne test campaign was performed with the FMCW SAR system. As shown in Fig. 8(b) , the FMCW SAR system was mounted on a light airplane [23] , [24] . The altitude of the plane is 500 m.
Experimental Validation
To measure the ISLR, several corner reflectors were placed on an airport. The RCS of corner reflectors, denoted by RCS CR , are approximately to their maximum value of 18.79 dBsm. The imaging results with the corner reflectors are shown in Fig. 9(a) . The imaging scene is 400 m × 350 m (range × Azimuth). Corner reflectors from T1 to T7 in Fig. 9(a) are seven point targets. The range and azimuth profiles of corner reflector T2 are shown in Fig. 9(b) and Fig. 9(c) , respectively. The peak response of the reflector return is normalized to 0 dB. The average ISLR of seven reflectors are calculated and listed in Tab. 4. The measured ISLR r in Tab. 4 is approximately to its theoretical value, as shown in Tab. 2. The measured ISLR a is -21.76 dB due to the residual, high-frequency phase errors that were not all eliminated by the motion compensation algorithm. According to [10] , a serious deterioration in the imaging results will be caused when the ISLR in azimuth is higher than -20 dB [10] . Fortunately, the measured ISLR a of an FMCW SAR is smaller than -20 dB. The value of the receiver thermal noise is sufficiently small, which has marginal influence on the image quality. Therefore, it is not measured in this study.
Measurement of the ADC strong noise uses the SAR data of a quiet lake and the surrounding area where the optical imagery and SAR imagery are shown in Fig. 10 (a) and 10(b), respectively. The optical imagery is obtained from Google Earth. The imagery covers areas of 475 m × 620 m (range × azimuth) island. It is noted that the proposed noise suppression method is not used when the SAR imagery in Fig. 10(b) was generated. Because the real RCS is required in measuring the noise level, the RCS calibration is performed in Fig. 10 . The real signal intensity normalized to 0 dB in Fig. 10 is equal to that in Fig. 9 . The corresponding RCS of the peak response of the reflector' imagery, i.e., 0 dB, is 18.79 dBsm.
The sub-image circled by the red rectangle in Fig. 10(b) denotes the imaging results of the scene containing the ADC strong spurious noise. It is shown that a visible curve is present at the range of approximately 970 m, which originates from the ADC strong spurious noise. This curve significantly affects the imagery of the targets, especially that of the low-return areas, such as the lake. The calculation of σ sp is now introduced in detail.
Firstly, the signal intensity of the curve is calculated. The average energy of the curve in the upper lake of Fig. 10(b) is denoted by P Ns_r . It contains the energy of the ADC strong spurious noise, the water reflection, the additive white noise, and the multiplicative noise. Because the average energy of the last three noise components is approximately equal to that of the surrounding area in the lake, which is denoted by P r . So, the energy of the ADC strong spurious noise is 
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The signal energy of the imagery is inversely proportional to R 3 sinα [10] . So the energy of the corner reflectors is
where K is a constant related to the parameters of the FMCW SAR, R CR and α CR are the slant range and the pitching angle of the corner reflector, respectively. RCS CR is the RCS of the corner reflector, which is [10] The theoretical value of σ sp at 970 m is approximately equal to -17.32 dB, which is obtained using (12) . Therefore, the measured value is approximately 1.51 dB larger than the theoretical value. There are two probable reasons for this result. There may be manufacturer errors in the triangle reflectors, which could result in a decrease of RCS CR . Or there may be the position errors of the reflectors in the experiment, because the maximum difference in the signal intensity of ten reflectors is 1.40 dB which is obtained from the data in Fig. 9 . Therefore, the real RCS CR is less than 18.79 dBsm.
To evaluate the effectiveness of the proposed method, the proposed noise suppression method is used in another airborne test campaign. The SAR imagery is shown in Fig. 10(c) . No curves are shown in the image. However, using other detection methods, the ADC strong spurious noise exist in the scene during the experiment. Therefore, this experimental result shows that the proposed noise suppression method is valid.
Conclusion
This study is to specify, evaluate and reduce the noise level of a new FMCW SAR system. First, the theoretical derivation of the system's noise level is performed. Then, based on the result of the quantitative analysis, the FFT based noise suppression method is proposed to eliminate the ADC strong spurious noise, adopting an ADC and a FPGA. Finally, using the real Ku-band FMCW SAR data, the levels of the noise components are measured, and the effectiveness of the method of the noise suppression is validated. The results of this study shows that the measured noise levels coincide with the theoretical noise levels, and the proposed method effectively eliminates the ADC strong spurious noise.
It is well known that the sinusoidal interference or NBI is a common problem in different applications. The suppression for this type of interference is oriented towards the application, and the concerns of different applications may vary. Compared with other noise suppression methods, we focus on the noise suppression level at the frequencies of strong spurious noise. The feasibility of our method is validated by experiment, and the performance comparison with other methods shall be arranged as future works.
